The cell replacement strategy in PD has been based on the idea that neural graft-induced restoration of dopamine neurotransmission in the striatum, even if the disease is chronic and also affects other neuronal systems and brain regions, could lead to substantial and long-lasting functional recovery. It was demonstrated more than 20 years ago that embryonic mesencephalic dopamine-rich tissue implanted in a rat model of PD reinnervated the denervated striatum and ameliorated some functional deficits. Extensive animal studies subsequently showed that the grafted dopamine neurons display many of the morphological and functional characteristics of intrinsic dopamine neurons; that is, they reinnervate the denervated striatum and form synaptic contacts with host neurons, are spontaneously active and release dopamine, and receive afferent input from the host.
CLINICAL EXPERIENCES WITH NEURAL TRANSPLANTS IN PD

Short-and Long-term Graft Survival and Growth
To date, approximately 350 patients with PD have undergone grafting procedures involving primary embryonic tissue of human or porcine origin. It is well established that human embryonic mesencephalic dopamine neurons can survive transplantation into the brain of PD patients. Significant increase of [ 18 F]fluorodopa uptake in the grafted striatum has been shown using PET in more than 40 patients with PD. 5, 11, 14, 15, 23, 25, 28, 29, 33, 34, 39 In one patient, the fluorodopa uptake in the putamen was normalized after transplantation. 30, 39 Investigators in histopathological studies have confirmed the survival of dopaminergic grafts and demonstrated reinnervation of the striatum in two parkinsonian patients who died after transplantation. [18] [19] [20] In these two patients, between 80,000 and 135,000 dopaminergic neurons had survived on each side, with neuritic outgrowth from the grafted neurons extending up to approximately 7 mm within the putamen. With six tracts, placed 5 mm apart, confluent reinnervation of 24 to 78% of the designated target area in the postcommissural putamen could be obtained, although in the patient with the densest reinnervation the putamen was shrunken. 20 The dopaminergic innervation occurred in a patch-matrix pattern and electron microscopy showed synaptic connections between graft and host. There was no evidence that sprouting had occurred in the patients' own dopamine neurons.
Grafts of human mesencephalic tissue can exhibit longterm survival despite an ongoing disease process and continuous antiparkinsonian drug treatment. In two patients, in whom grafts were placed unilaterally in the putamen, the fluorodopa uptake in the grafted structure was still high at 6 and 10 years after surgery, respectively. 30, 39 In contrast, there had been a progressive decrease of tracer uptake in nongrafted striatal regions, indicating degeneration of the patients' own dopamine neurons. Immunological rejection of the grafts has not been reported in PD patients, even several years after withdrawal of immunosuppression therapy.
Magnitude of Clinical Improvement
Several clinical research groups have demonstrated therapeutic improvement associated with graft survival. 5, 8, 11, 14, 15, 23, 25, 26, 28, 29, 33, 34, 39 In the most successful cases, levodopa treatment was withdrawn during several years after transplantation. 5, 14, 39 For a more detailed account of clinical observations, including constraints and morbidity, following neural transplantation in PD, refer to two previous studies. 22, 24 Table 1 provides a summary of the magnitude of the overall clinical benefit at 10 to 24 months postoperatively in four series of patients in whom human embryonic mesencephalic tissue grafts were placed bilaterally. In the three open-label trials, 5, 14, 15 patients underwent graft implantation bilaterally with primary human embryonic mesencephalic tissue, obtained from approximately three to five donors, into each putamen. In some cases, tissue was also implanted in the caudate nucleus. According to the UPDRS 9 motor score obtained during a practically defined off-medication period (that is, in the morning, at least 12 hours after the last dose of antiparkinsonian medication), the overall symptomatic relief at 10 to 24 months postoperatively was between 30 and 40%. In addition, there was a decrease (43-59%) of the mean daily time spent in the off-medication phase. The mean daily levodopa requirements were reduced by 16 to 45%. 5, 14, 15 It is interesting to note that in these three studies, even if increased fluorodopa uptake was demonstrated (by 60%) in the putamen, indicating graft survival, the uptake after transplantation was still only approximately 50% of the normal mean. This finding probably explains, at least to some extent, the incomplete functional recovery and indicates that there is room for considerable improvement.
In the only double-blind, placebo-controlled study reported to date 10 investigators demonstrated a more modest clinical response, with 18% reduction of UPDRS motor score in off-medication periods at 12 months after placement of bilateral putaminal grafts but no improvement in the sham-operated group. In patients younger than 60 years of age, the improvement of UPDRS scores was 34%. These data are important because they provide the first direct evidence of a specific graft-induced improvement, distinguishable from a placebo effect. In this trial, less tissue was implanted compared with that in the openlabel trials and, in agreement, the increase of fluorodopa uptake was lower (only 40% compared with 60%, respectively). In two patients who died after graft implantation, the numbers of dopaminergic neurons in each putamen were only between 7000 and 40,000, 10 whereas in the two patients in one of the open-label trials the dopaminergic cell counts ranged from 80,000 to 135,000. [18] [19] [20] The low cell number is probably due to the fact that tissue obtained in only two donors was implanted in each putamen (compared with tissue obtained in three to five donors in the open-label trials) and that the tissue was stored in cell culture for up to 4 weeks before implantation. In agreement, the postoperative clinical improvement was smaller than that in the other patient series. These findings provide further support for the notion that the number of viable implanted dopamine neurons is an important factor determining the magnitude of symptomatic relief.
12
Dyskinesias After Neural Transplantation
Severe dyskinesias during the off-medication phases were observed by Freed, et al., 10 in 15% of their patients after neural transplantation. In a comprehensive, retrospective analysis of 14 patients followed for up to 11 years after grafting, Hagell, et al., 13 found that hyperkinesias (predominantly choreoid movements) and dystonias increased during off-medication phases postoperatively, whereas there were no statistically significant changes in the severity of peak on-medication-phase dyskinesias. In eight patients, dyskinesias were mild and caused no distress or disability; in the remaining six, dyskinesias were of moderate severity and constituted in one patient, a clinical therapeutic problem. Freed, et al., 10 proposed that the dyskinesias were due to a continued fiber outgrowth from the graft resulting in a relative dopamine excess. In patients assessed by Hagell, et al., 13 however, the severity of dyskinesias was not related to the magnitude of graftderived dopaminergic reinnervation or symptomatic relief O. Lindvall and P. Hagell ( Fig. 1) . Thus, these data do not provide any evidence of an underlying dopaminergic overgrowth, nor that effective dopamine neuron replacement and major recovery of motor function occur in conjunction with the development of severe dyskinesias. The development of severe dyskinesias is not a characteristic feature of dopamine cell replacement per se and therefore should not stop the further development of a cell therapy for PD. The underlying mechanisms must be better understood, however, so that off-medication-phase dyskinesias following neural transplantation can be avoided.
Mechanisms of Graft Function
The aforementioned clinical observations demonstrate that the grafts can survive, store dopamine, and produce symptomatic relief in PD patients. The authors of recent studies also provide evidence that grafts of primary human embryonic mesencephalic tissue can restore regulated release of dopamine in the striatum and that grafts can become functionally integrated into the neural circuitries in the patient's brain.
One patient in whom a graft was unilaterally transplanted in the putamen has experienced significant clinical improvement and, in agreement, fluorodopa uptake in the grafted putamen was normalized at 3 years with no further change at 10 years postoperatively (Fig. 2) . 30 In contrast, the putamen in which no graft was implanted exhibited a progressive decrease of fluorodopa uptake, which at 10 years postoperatively was approximately 10% of the normal level. Dopamine release was quantified at 10 years by using [ 11 C]raclopride and PET to measure dopamine D2 receptor occupancy by endogenous dopamine. 30 Both basal-and amphetamine-induced dopamine release was normal in the grafted putamen, whereas the release in the contralateral nongrafted putamen was very low (Fig. 2 ). It seems highly likely that the efficient restoration of dopamine release in large parts of the grafted putamen underlies the patient's major clinical improvement.
In the one study the activation of two frontal cortical areas associated with movements, the SMA and the DLPFC, was analyzed using rCBF measurement with PET in four patients in whom grafts were implanted bilaterally in the caudate and putamen. 31 The SMA and DLPFC are known to be important in the preparation and selection of voluntary movements, their function is influenced by the basal gangliathalamocortical neural circuitries, and their impaired activation is believed to underlie parkinsonian akinesia. Preoperatively, investigators
Neurosurg. Focus / Volume 13 / November, 2002
Cell therapy in Parkinson disease observed only a small activation of the SMA and no significant activation of the DLPFC (Fig. 3) . No significant differences in activation were demonstrated in these patients at 6.5 months after graft implantation compared with preoperatively, whereas at 18.3 months there was significantly increased activation of both the SMA and DLPFC. The time course of clinical improvement paralleled that of the increase of cortical activation with partial recovery after 6.5 months and substantial improvement at 18.3 months (Fig. 3) . In contrast, striatal fluorodopa uptake was already significantly elevated at 6.5 months, and no further change by 18.3 months was noted (Fig. 3) . Taken together, these findings indicate that successful grafts in patients with PD, by improving striatal dopaminergic neurotransmission, can restore movement-related cortical activation, which probably is necessary to induce substantial clinical improvement. These data also provide new evidence that the functional effects of the grafted neurons go beyond those of a simple dopamine delivery system. Restoration of nonregulated dopamine release, as in the early stages of graft maturation when fluorodopa uptake is already significantly elevated, seems to be insufficient to improve cortical activation during movement and to induce maximum clinical recovery. To increase basal gangliathalamocortical neurotransmission and movement-related cortical activation, the grafted dopamine neurons likely need to establish both efferent and afferent synaptic connections with the host brain.
Strategies to Increase Survival of Grafted Dopamine Neurons
A major problem with current transplantation procedures is that the survival of grafted dopamine neurons is low, only 5 to 20%, and therefore tissue obtained in six to eight donors is needed for each PD patient to induce significant clinical improvement. In animal experiments, the survival of grafted mesencephalic dopamine neurons can be increased two-to fourfold by exposure of the graft to growth factors, as well as compounds that reduce oxidative stress or inhibit caspases (for review, see the study by Brundin, et al. 4 ). The only compounds that have been tested clinically are the lazaroid, tirilazad mesylate, and glial cell line-derived neurotrophic factor. 5, 28 The authors of these clinical studies have provided tentative evidence that both tirilazad mesylate and glial cell-derived neurotrophic factor (administered to the graft tissue during a 6-day pregrafting storage) may improve survival of grafted dopamine neurons in PD patients.
Xenografts in PD
In the initial attempts involving implantation of porcine xenografts in PD patients, the survival of dopamine neurons was poor and the clinical benefits questionable. 7, 35 Major concerns related to porcine xenografts, apart from immunological rejection and transfer of virus, are, first, that a very large number of porcine donors and many implant sites may be needed to reinnervate the human striatum effectively and, second, that the porcine dopamine neurons may have a lesser capacity to integrate functionally into the patient's brain compared with human dopamine neurons. ]raclopride binding is increased in the nongrafted putamen in the patient, whereas it is normal on the grafted side (right putamen). After m-amphetamine administration (solid bars), the binding reduction in the grafted putamen is similar to that seen in the putamen assessed in healthy volunteers, whereas it is negligible in the nongrafted putamen. Used with permission from py in PD, it is of fundamental importance to determine what factors determine the magnitude of symptomatic relief in patients after transplantation. Based on the results obtained from the clinical trials as well as from studies in animal models, a set of graft-related requirements can be identified that must be fulfilled to induce marked and clinically valuable improvement. 1) The grafted cells have to express the complete cellular machinery for dopamine synthesis and release, and they must possess the properties of fully mature mesencephalic dopamine neurons, both morphologically and electrophysiologically. It should be pointed out, however, that we need to know also the role of nondopaminergic cells in the graft for the outcome after transplantation. These cells, which constitute approximately 90% of all cells in the primary embryonic mesencephalic graft, could contribute to the functional recovery but may also, hypothetically, induce or contribute to adverse effects such as dyskinesias. 2) At least approximately 100,000 grafted dopamine neurons should survive long term in each putamen.
FACTORS FOR A SUCCESSFUL CELL THERAPY IN PD
3) The grafted dopamine neurons should reestablish a dense, functional, dopamine-releasing terminal network in large parts of the striatum. 4) The grafts have to become functionally integrated into host basal gangliathalamocortical circuitries. In the ideal scenario, the grafted neurons would be able to reconstruct the nigrostriatal pathway with appropriate afferent and efferent connections. 5) When tested preclinically in animal models of PD, the cells must be functional not only in tests of drug-induced behavior but also in tests of spontaneous motor behavior (akinesia and limb-use tests).
A successful cell therapy for PD, however, will also necessitate improved criteria and standards for patient selection and assessment as well as knowledge concerning optimal graft placement and dosage. The extent, degree, and rate of degeneration of dopaminergic and nondopaminergic neurons in the patient's brain will certainly influence to what extent a dopaminergic graft can restore normal function. If there is extensive dopaminergic denervation outside the grafted area or if other systems are severely affected, the degree of symptomatic relief is likely to be only modest compared with that in a patient in whom there is a more restricted dopaminergic denervation in the striatum, which has been successfully reinnervated by the graft. Furthermore, a rapid degeneration of the patient's own neuronal systems within and outside the grafted areas may only yield transient postoperative improvements. Detailed preoperative imaging modalities such as high-resolution fluorodopa-PET, will be invaluable tools to design the optimal transplantation procedure for each patient.
STEM CELLS FOR CELL THERAPY IN PD
There are two principally different ways of using stem cells for grafting in PD. First, the cells are predifferentiated in vitro to dopaminergic neurons prior to transplantation. Thus, stem cells could become an almost unlimited source for the generation of dopamine neurons. The cell preparations could be standardized and quality controlled with respect to viability and purity. Second, the progenitors differentiate in vivo to dopaminergic neurons after implantation into the striatum or substantia nigra. These neurons may integrate better compared with primary embryonic neurons and, in the ideal scenario, reconstruct the nigrostriatal pathway. Whether this will be possible, however, is at present unknown. It will require that the mechanisms to instruct the immature progenitors to differentiate into the missing dopamine neurons function also in the PD patient's brain. Some support for this strategy was provided in a recent report 2 in which investigators found that undifferentiated mouse embryonic stem cells, implanted in low numbers into the dopamine denervated rat striatum, proliferated and that a proportion of them differentiated into cells expressing several markers of mesencephalic dopaminergic neurons. The grafts ameliorated drug-induced rotational asymmetry, but their capacity to reinner-
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Cell therapy in Parkinson disease 5 Fig. 3 . Evidence for functional integration of dopaminergic grafts in PD patients. Changes of fluorodopa uptake in the putamen and UPDRS motor score in the off-medication phase (upper panel) and movement-related increases of regional cerebral blood flow compared with resting condition in the SMA and DLPFC (lower panel), preoperatively and at 6.5 and 18.3 months after bilateral implantation of human embryonic mesencephalic tissue into the putamen and caudate nucleus in four PD patients. Putaminal fluorodopa uptake is significantly elevated already at 6.5 months after transplantation with no further changes thereafter. In contrast, the symptomatic relief is only partial at 6.5 months and substantial clinical improvement, as measured by the UPDRS motor score, does not occur until the 2nd postoperative year. The gradual and delayed symptomatic relief is paralleled by the recovery of movement-related cortical activation. Data are presented as mean Ϯ standard deviation. *p Ͻ 0.001, compared to preoperatively, t-test. Modified from vate the striatum and release dopamine, as well as to improve behavioral deficits resembling the symptoms in PD, is unclear.
Hypothetically, dopamine neurons could be made from stem cells of the following four different sources: embryonic stem cells from the fertilized egg, neural stem cells from the embryonic or adult brain, or from stem cells in other tissues. The crucial question, however, is if those neurons will become functional dopamine neurons, fulfilling the aforementioned criteria. Another unresolved issue is whether nondopaminergic neurons and glial cells normally present in the primary mesencephalic grafts that have been placed in PD patients are important for the differentiation and function of the dopamine neurons. If this is the case, an enriched population of predifferentiated dopamine neurons may not be the optimal preparation.
The possibility to generate dopamine neurons for transplantation from stem cells or neuronal precursors has been explored by undertaking several approaches. Figure 4 provides a schematic illustration of five alternatives. In one approach, Studer and coworkers 37 expanded committed mesencephalic dopamine neuron precursors obtained in rat embryos in culture. On removal of the mitogen bFGF, part of the cells differentiated into THpositive, presumed dopaminergic neurons. The expanded cells survived transplantation to the rat striatum, but the survival of the grafted TH-positive cells was poor. In recent studies, Yan, et al., 40 have reported that the presence of ascorbic acid promotes dopaminergic differentiation when the mesencephalic precursors are proliferated or passaged for extended periods in vitro. Additionally, Studer, et al., 36 found that when the predifferentiation of the precursors was conducted in cultures with low oxygen, both proliferation and dopaminergic differentiation were Fig. 4 . Large numbers of cells with characteristics of dopamine neurons can be generated from in vitro expanded progenitors. The use of stem cells and immature progenitors for grafting in PD probably necessitates predifferentiation of the cells into dopaminergic neurons prior to implantation. This strategy has been explored using mouse embryonic stem cells, genetically engineered immortalized mouse neural stem cells, in vitro expanded regionally specified rat mesencephalic progenitors, and committed mesencephalic dopamine neuron precursors obtained from rat embryos. EGF = epidermal growth factor; SHH = sonic hedgehog enhanced. It remains unknown, however, whether ascorbic acid and low oxygen will increase the yield of surviving dopaminergic neurons after transplantation in vivo.
In the second approach, Carvey and collaborators 6, 27, 32 expanded mesencephalic progenitors from rat embryos under epidermal growth factor stimulation in neurosphere cultures. The cells could subsequently be differentiated into a dopaminergic phenotype in response to signals provided by a combination of cytokines, glial cell line-derived neurotrophic factor, mesencephalic membrane fragments, and striatum-conditioned medium. The generated cells survived transplantation to the rat striatum but the survival was clearly lower than that in grafts of primary embryonic mesencephalic dopamine neurons.
In the third approach, Wagner and coworkers 38 induced a dopaminergic phenotype in an immortalized multipotent neural stem cell line by overexpression of Nurr-1, in combination with as yet unidentified factors derived from Type 1 astrocytes of ventral mesencephalic origin. Nurr-1 is a transcription factor that is likely to play a critical role in development of mesencephalic dopamine neurons. Most of the Nurr-1-transduced cells expressed the THpositive enzyme as well as two other markers of mesencephalic dopamine neurons. The engineered neurons survived transplantation to the mouse striatum, but the yield was very low.
In the fourth approach, dopamine and serotonin neurons were generated in high yield from mouse embryonic stem cells in vitro. 21 The undifferentiated stem cells were expanded, and central nervous system stem cells were selected and then expanded in the presence of bFGF. The cells were then differentiated to TH-positive neurons by removal of the mitogen. Transplantation of these cells was not performed. An important step forward in the generation of dopamine neurons from embryonic stem cells was recently reported by the same group. 17 In their study they overexpressed the transcription factor, Nurr-1, in mouse embryonic stem cells, which were then differentiated to dopamine neurons in culture. The overexpression with Nurr-1 dramatically increased the yield of cells with a dopaminergic phenotype-that is, expressing dopaminergic markers, exhibiting dopamine release in vitro, and showing electrophysiological properties of dopamine neurons. When the cells were grafted to the rat striatum, they survived, extended processes, and improved deficits resembling symptoms exhibited in PD patients. We do not, however, yet know if the cells induce functional reinnervation of the striatum, or what their symptomatic efficacy (for example, compared with primary embryonic neurons) and long-term safety is. Furthermore, it remains to be determined whether this type of genetic modification of the embryonic stem cells is acceptable in a clinical setting.
In a fifth approach, Kawasaki and collaborators 16 studied mouse embryonic stem cells. They cocultured the embryonic stem cells with various cell lines and discovered that a bone marrow-derived stromal cell line was a potent inducer of neuronal differentiation. After coculture, almost all cultures contained differentiated neurons and there was a significant yield of TH-positive neurons. These cells produced dopamine and showed substantial short-term survival (at 2 weeks) after transplantation to the mouse striatum.
Although these data are promising and support the notion that it will become possible to generate dopamine neurons from stem cells for transplantation purposes, several unresolved issues remain. One problem is that the survival of these predifferentiated dopamine neurons after transplantation in animal models, when this has been tested, has been poor in most cases. Virtually nothing is known about long-term survival. It is also unclear if these cells display the functional characteristics of fully mature mesencephalic dopamine neurons after grafting, which is probably crucial if they should work in a clinical setting. Additionally, relatively little is known about human cells because the authors of most studies have used cells obtained in rodents. The finding that the adult human brain also contains neural stem cells has raised the possibility that the patient's own neural stem cells could be used to generate, for example, dopamine neurons for transplantation. The cells would then be removed, predifferentiated in vitro, and reimplanted. One major advantage could be the lack of any immune reaction. Several problems with this approach, however, might occur. First, it will probably involve additional surgery in patients with an already diseased brain. Second, it is not known if these human cells can be expanded in sufficient numbers and if they can be differentiated into specific neurons such as dopamine neurons. Finally, in patients with a chronic neurodegenerative disorder, these cells may be functionally impaired because of age, disease process, or exposure to long-term drug treatment.
CONCLUSIONS
The most important scientific conclusion to be drawn from the clinical trials involving neural transplantation in PD is that cell replacement can be effective in the diseased human brain. It is important, however, to underscore that a clinically useful cell therapy for PD does not yet exist. There are several problems linked to the use of primary embryonic tissue in current procedures. First, there is a paucity of sufficient amounts of tissue for transplantation in a large number of patients. Second, posttransplantation functional outcome varies, with major improvement in some patients and only modest if any clinical benefit in others. This lack of consistent efficacious results is probably due to several factors such as variation in the viability and composition of the graft tissue but also issues related to patient selection and optimal graft placement. Third, although most likely not due to overgrowth of the dopaminergic graft, it is clear that dyskinesias can occur after implantation of human embryonic tissue. We must understand the underlying mechanisms and be able to avoid this adverse effect.
To conclude, neural transplantation is still at an experimental stage in PD. Several scientific problems must be addressed before this approach should be further tested in patients. With the development of new effective treatments for patients with advanced PD, such as deep brain stimulation, it is necessary to ask whether it is justified to make any further efforts to develop cell-based therapies for this disorder. In our opinion, cell therapy, if successful, offers several unique features and distinct advantages over other treatment strategies. The aim of this therapy is to restore dopamine transmission in the striatum-that is, in
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Cell therapy in Parkinson disease the precise area that exhibits the most pronounced loss of intrinsic dopamine innervation. In successful cases, this has given rise to major clinical improvements and allowed for withdrawal of antiparkinsonian medication, in the absence of major side effects. Furthermore, the grafted neurons are not destroyed by the disease process in cases followed at least 10 years after surgery, indicating that the symptomatic relief can be maintained for many years.
Currently, dopamine neurons generated from stem cells seem to be the most promising alternative to the use of primary human embryonic tissue for grafting in PD. We need, however, to learn much more about the mechanisms of dopamine cell differentiation, regeneration, and functional recovery. We are uncertain of the best stem cell source for generating new dopamine neurons. Thus, the development of stem cell-based therapies for PD remains in its infancy and it is crucial that scientists and clinicians progress with great care.
